Introduction {#sec1}
============

Concrete is the most widely used construction material in the sewer network structure of urban infrastructure because of its compatibility with the environment, cost-effectiveness, and ease of production.^[@ref1]^ In Germany alone, the concrete material accounted for 46% of the material structure used for sewer network.^[@ref2]^ However, this material can be corroded by hydrogen sulfide (H~2~S) resulting from the action of microorganisms in the wastewater and shorten the life of the sewer concrete structures. Under severe corrosion of hydrogen sulfide, the service life of sewer concrete can reduce to ess than 10 years from the expected life of 50 to 100 years.^[@ref3]^ The corrosion rate of sewer pipes is in the range of 1--10 mm/year.^[@ref4]^ This corrosion leads to the loss of concrete volume, cracking of sewers, and even the collapse of the structure.^[@ref4]−[@ref9]^ Sewer systems suffering from corrosion often require premature replacement or rehabilitation of damaged pipes, manholes, and pump stations, which involves very high costs. Replacement and rehabilitation of sewers are estimated to cost several billion dollars a year globally.^[@ref10],[@ref11]^ H~2~S is formed by sulfate-reducing bacteria in the anaerobic sewer biofilms/sediments. From the sewage, H~2~S is emitted to the sewer air, absorbed/adsorbed into the moist layer on the concrete walls exposed to air, at which it is oxidized to sulfuric acid by the activity of sulfide-oxidizing bacteria and causes corrosion.^[@ref12]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the schematic of the corrosion process within the sewer. H~2~S is ubiquitous in sewer systems, although the concentrations differ temporally and spatially from a few ppm (parts per million) to several hundred ppm.^[@ref13],[@ref14]^

![Schematic of the corrosion process within the sewer.](ao0c00828_0001){#fig1}

Current strategies for controlling sewer corrosion are focused on the following: (i) prevent H~2~S production and its partition from the sewer liquid phase through the dosing of antimicrobials, iron salts, pH elevating compounds, and oxidants (i.e., oxygen and nitrate) to the sewage; (ii) reduce the H~2~S concentration in sewer air through forced ventilation; (iii) applying the surface treatment on concrete sewers.^[@ref15]^ Corrosion-resistant materials such as antimicrobials, silver-loaded zeolite, and polymers coatings are widely used to mitigate the corrosion of sewers.^[@ref16]−[@ref19]^

Isolating H~2~SO~4~ in-contact to concrete by the application of polymeric lining on the surface concrete sewer is an effective solution to mitigate the corrosion. The polymeric lining materials require to have good barrier properties, great significant chemical resistance, and remain to adhere to the concrete in the presence of corrosive components. Therefore, to prevent the corrosion of sewer concrete, many efforts have been taken to develop effective polymeric linings.^[@ref20]−[@ref23]^ Among several factors affecting the life expectation of the lining system, the diffusion rate or permeation rate of the environment components through the lining is the most significant. The permeability/diffusivity of a lining is affected by the film thickness. Thicker films are generally less permeable and therefore more resistant to the corrosive environment.^[@ref24]^ However, lining pull-off due to the long length of the sewer network should also be considered. Many reports pointed out that for epoxy and polyurethane materials used, the effective thickness could be only in the range of 0.30--3.5 mm.^[@ref25]−[@ref28]^

Epoxy resin has been widely used in corrosion protection because of its good adhesive property and chemical durability. In the uncured state, this resin has low viscosity, therefore, it can be lined on the concrete structure without the use of high-pressure equipment. However, in comparison to other polymers, epoxy is more permeable to sulfuric acid. To overcome this weak point, a nanoscale dispersion of inorganic nanoparticle into epoxy continuous phase may improve its barrier property, especially for sulfuric acid solution and moisture. The addition of nanoparticles has exhibited a high potential for proven mechanical properties of polymers. Battistella et al. obtained an increase of 54% of fracture toughness by filling an epoxy resin with 0.5 vol % of fuming silica modified with 3-aminopropyl tri methoxy silane.^[@ref29]^ Another study found that adding 10 wt % of TiO~2~ nanoparticles within epoxy resin increased fracture toughness by a considerable percentage.^[@ref30]^ A study conducted by Hussain et al. showed that an increase of 47% of the tensile modulus takes place when an epoxy filling with 5 wt % of nanoclay is carried out.^[@ref31]^ Maximum tensile strength and Young's modulus resulting in 5 wt % of cup-stacked carbon nanotubes filling in epoxy.^[@ref32]^ Rajulu et al. used epoxy and polyester as coating materials and observed that alkali-treated epoxy and polyester-coated fibers showed an increase of 55 and 88% in tensile strength, respectively, over the uncoated fibers.^[@ref33]^

When an epoxy--silica nanocomposite lining is exposed to the environment for a long time, degradation processes such as chemical degradation, reduction of mechanical properties, and so forth may occur. The penetration of environmental components into a polymer composite are influenced by the composite's characteristics such as the density, the order of pore, defects, or contamination, and the polymer-environment affinity.^[@ref34],[@ref35]^

The high order absorption of water or exposed environmental penetrant is the major disadvantage of the lined layer. Furthermore, the absorbed water is considered as the main factor in the degradation of the functional, structural, and mechanical properties of the composites.^[@ref36]−[@ref38]^ Therefore, understanding of the diffusion behavior of water in particular epoxy--silica nanocomposite systems is needed for the application in the material lining/coating industry ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Image of the inner sewage concrete pipeline lined by epoxy.](ao0c00828_0012){#fig2}

This study reports our findings on the development of a SiO~2~/epoxy nanocomposite lining material in an application for the anticorrosion of concrete structures in the sewer.

Technical Background {#sec2}
====================

An enormous number of studies related to various applications of the diffusion equation is presented for describing the transport of penetrant molecules through the polymeric membranes or kinetics of sorption/desorption of the penetrant in/from the polymer bulk. The mass transfer in the former systems, after a short time, goes to be steady-state, and in the later systems, all the time, is under the unsteady state situation. The first and the second Fick's laws are the basic formulae to model both kinds of systems, respectively.^[@ref39]^ The first law governs the steady-state diffusion circumstance without convection, as given by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.where *J* is the flux, which gives the quantity of penetrant diffusing across a unit area of medium per unit time and has units of mol cm^--2^ s ^--1^, *D* the diffusion coefficient, *c* the concentration, *x* the distance, and ∂*c*/∂*x* is called the gradient of the concentration along the axis. If *J* and *c* are both expressed in terms of the same unit of quantity, for example, gram, then *D* is independent of the unit and has a unit of cm^2^ s^--1^. [Equation [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} is the starting point of numerous models of diffusion in polymer systems. The first law can only be directly applied to diffusion in the steady-state, where concentration is not varying with time.^[@ref40]^ A simple schematic representation of the concentration profile of the penetrant during the diffusion process between two boundaries is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. Under unsteady-state circumstances, at which the penetrant accumulates in a certain element of the system, Fick's second law describes the diffusion process as given by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.^[@ref39],[@ref40]^

![Concentration profile under (a) steady-state and (b) unsteady-state condition.](ao0c00828_0013){#fig3}

[Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} stands for the concentration change of penetrant at certain elements of the system with respect to the time (*t*), for one-dimensional diffusion, say in the *x*-direction. The diffusion coefficient, *D*, is available after the appropriate mathematical treatment of kinetic data. A well-known solution was developed by Crank, at which it is more suitable to moderate and longtime approximation.^[@ref41]^ Sorption kinetics is one of the most common experimental techniques to study the diffusion of small molecules in polymers. In this technique, a polymer film of thickness 2*l* is immersed into the infinite bath of penetrant, then concentrations, *c*~*t*~, at any spot within the film at time *t* is given by [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}.^[@ref40]^where *c*~∞~ is the amount of accumulated penetrant at equilibrium, that is, the saturation equilibrium concentration within the system. *L* = 2*l* is the distance between two boundaries layers, *x*~0~ and *x*~1~ (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

Integrating [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} yields [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} that gives the mass of sorption penetrant by the film as a function of time *t*, *M*~*t*~, and compared with the equilibrium mass, *M*~∞~.

For the processes, which take place at short times, [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} can be written, for a thickness of *L* = 2*l*, as

Plotting the *M*~*t*~/*M*~∞~ as a function of *t*^1/2^, the diffusion coefficient can be determined from the linear portion of the curve. Using [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} instead of [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, the error is in the range of 0.1% when the ratio of *M*~*t*~/*M*~∞~ is lower than 0.5.^[@ref42]^

In the case of long-time diffusion, by which there may be limited data at *M*~*t*~/*M*~∞~ \< 0.5, [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} can be written as follow

[Equation [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} is usually used in the form of [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}, as given following

This estimation also shows a similarly negligible error on the order of 0.1%.^[@ref42]^

The steady-state and unsteady-state diffusion of small molecules through the polymer system was developed mathematically, considering the basic assumption of Fickian diffusion. However, there are cases where diffusion is nonickian. Considering a simple type of experiment, a piece of the polymer film is exposed to the penetrant liquid phase or the vapor atmosphere. According to the second Fick's law, the basic equation of mass uptake by the polymer film can be given by [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}.^[@ref43]^where the exponent *n* is called the type of diffusion mechanism and *k* is a constant, which depends on diffusion coefficient and thickness of the film.

Fickian diffusion (case I) is often observed in the polymer systems when the temperature is well above the glass transition temperature of the polymer (*T*~g~). Therefore, it expects that the *M*~*t*~/*M*~∞~ is proportional to the square-root of time, that is, *n* = 05. Other mechanisms have been established for the diffusion phenomenon and categorized based on the exponent *n*, as follow^[@ref44]^

*n* \> 1 super case II

*n* = 1 case II

1 \> *n* \> 0.5 anomalous

0.5 \> *n* pseudo-Fickian

Case II diffusion is the second most important mechanism of diffusion for the polymer. This is a process of moving boundaries and linear sorption kinetics, which is opposed to Fickian. A sharp penetration front is observed, by which it advances at a constant rate. More detailed features of the process, as induction period and front acceleration in the latter stage, have been reported in the literatures.^[@ref45]^ An exponent between 1 and 0.5 signifies anomalous diffusion. Case II and anomalous diffusion are usually observed for the polymer whose glass transition temperature is higher than the experimental temperature. The main difference between these two diffusion modes concerns the solvent diffusion rate.^[@ref46]^

The high order absorption of water or exposed environmental penetrant is a major disadvantage of the lined layer. Furthermore, the absorbed water is considered as the main factor that resulted in the degradation of functional, structural, and mechanical properties of the composites.^[@ref36]−[@ref38]^ Therefore, understanding of the diffusion behavior of water in a particular epoxy--silica nanocomposite system is needed for the application of the material lining/coating industry.

Results and Discussion {#sec3}
======================

The test pieces and the lining specimens formed from the unfilled (neat) amine-cured epoxy and the 3.0 phr SiO~2~ nanoparticle-filled amine-cured epoxy named as EPS-0 and EPS-3, respectively.

Incorporation of the SiO~2~ Nanoparticle {#sec3.1}
----------------------------------------

The X-ray diffraction (XRD) patterns of the EPS-0 and EPS-3 is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The broad peak in a range of 15--20° contributes to the amorphous nature of the epoxy, whereas the diffraction peak at 2θ = 27.44° found in EPS-3 corresponds to the crystalline nature of SiO~2~ particles. This can imply that the silica nanofillers well-embedded in the epoxy matrix.

![XRD patterns of the samples.](ao0c00828_0014){#fig4}

However, the distribution of fillers in the matrix base plays an important role in barrier properties because it influences on the formation of micro-void or free-volumes in the bulk composites. The smoother surface of the test piece cross-section of EPS-0 comparing to of the EPS-3 observed by the scanning electron microscopy (SEM) analysis (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) represents the lower density of free-volumes and/or micro-voids in the unfilled samples than in the SiO~2~ nanoparticle-filled samples.

![Morphological analysis: (a) SEM image of EPS-0, (b) SEM image of EPS-3; (c) transmission electron microscopy image of ÉP-3.](ao0c00828_0015){#fig5}

Diffusion Properties {#sec3.2}
--------------------

The mass change of the test piece to its initial weight was measured by immersion time and shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}--[9](#fig9){ref-type="fig"}. The uptake increased linearly with increasing time at first, then leveled off for the EPS-0 immersed in deionized water and the 10 wt % H~2~SO~4~ acid solution at 40 and 60 °C. This was also observed for the EPS-3 pieces immersed in the 40 and 60 °C deionized water and the 10 wt % H~2~SO~4~ acid solution at 40 °C. However, the second stage of diffusion seems to have occurred after about 433 h of immersion in the 10 wt % H~2~SO~4~ acid solution at 60 °C for the EPS-3 test pieces. When the uptake was not time-dependent, the test pieces were saturated. By applying [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, diffusion coefficients of the water and the 10 wt % H~2~SO~4~ acid solution at different temperatures are estimated ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Diffusion of water and the 10 wt % H~2~SO~4~ acid solution into the EPS-0 and EPS-3 was then classified by applied [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}. Fickian curves are superimposed in these figures.

![Mass change vs time of the neat and epoxy--silica nanocomposite exposure of deionized water at 40 °C.](ao0c00828_0016){#fig6}

![Mass change vs time of the neat and epoxy--silica nanocomposite exposure of deionized water at 60 °C.](ao0c00828_0017){#fig7}

![Mass change vs time of the neat and epoxy--silica nanocomposite exposure of the 10 wt % H~2~SO~4~ acid solution at 40 °C.](ao0c00828_0018){#fig8}

![Mass change vs time of the neat and epoxy--silica nanocomposite exposure of the 10 wt % H~2~SO~4~ acid solution at 60 °C.](ao0c00828_0019){#fig9}

###### Diffusion Parameters Into the Polymers

             in water   in the 10 wt % H~2~SO~4~ solution                        
  ---------- ---------- ----------------------------------- ------ ------- ----- ------
  At 40 °C                                                                       
  EPS-0      2.65       403                                 5.11   15.56   259   6.77
  EPS-3      2.80       1438                                1.47   16.77   937   2.36
  At 60 °C                                                                       
  EPS-0      16.03      342                                 5.99   22.72   238   8.27
  EPS-3      16.91      929                                 2.48   24.87   528   4.54

The presence of incorporated SiO~2~ nanoparticles in the epoxy matrix improved its barrier properties to water and the 10 wt % H~2~SO~4~ acid solution. Immersion in the 40 and 60 °C deionized water, the time needed to attain the saturation of the EPS-3 (1438 and 937 h) was longer than of the EPS-0 (403 and 259 h). The rate of the 40 and of the 60 °C water diffusion in the EPS-3 test pieces was only 1.47 and 2.48 mm^2^ h^--1^, respectively, whereas in the EPS-0 test pieces it was 5.11 and 5.99 mm^2^ h^--1^. This enhancement was also observed for immersion in the 10 wt % H~2~SO~4~ acid solution (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). As discussed in several studies,^[@ref47]−[@ref49]^ environment molecules after being diffused in the polymer occupied in micro-voids, form clusters. When all micro-voids and free-volumes were filled by the diffused molecules, the saturation is attained. For the EPS-3 samples, SiO~2~ nanoparticles filled in the amine-cured epoxy matrix may be under two forms: distribution as fillers and dispersion in terms of inter intercalation and exfoliation. The distribution could increase numbers of micro-voids and free volumes (shown by SEM analysis in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) while dispersion could form intercalation and/or exfoliation. The former resulted in a higher order of saturation while the latter caused the low diffusion rate for the ESP-3. The density and size of free-volumes and/or micro-voids, pores in the polymer may increase because of heat relaxation and of epoxy's affinity to the nature of the immersion solution. Thus, the diffusion rate and the saturation degree for each polymer increased with an increase of temperature and with the 10 wt % H~2~SO~4~ acid solution instead of deionized water (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

Penetration Depth of H~2~SO~4~ {#sec3.3}
------------------------------

The energy-dispersive system (EDS) combined with SEM analysis on the cross-section of the immersed pieces showed that the sulfuric acid penetrated uniformly into the polymers ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}).

![EDS pattern of the penetrated H~2~SO~4~ layer in the polymer.](ao0c00828_0002){#fig10}

By this observation, the penetration depth was measured. [Figures [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} and [12](#fig12){ref-type="fig"} presents the penetration depth of H~2~SO~4~ plotted with root immersion time. It can be seen that the depth is proportional to the square root of immersion time, therefore the penetration rate, λ, can be defined by the slope between the penetration depth and square root of immersion time. The results showed that the barrier feature of the silica nanocomposite is better than those of the neat epoxy polymer at both 40 and 60 °C. This result is consistent with the results discussed above.

![Penetration depth of H~2~SO~4~ vs immersion time of the neat and the epoxy-nanocomposites immersion in the 10 wt % H~2~SO~4~ acid solution at 40 °C.](ao0c00828_0003){#fig11}

![Penetration depth of H~2~SO~4~ vs immersion time of the neat and the epoxy-nanocomposites immersion in the 10 wt % H~2~SO~4~ acid solution at 60 °C.](ao0c00828_0004){#fig12}

Degradation of Bond Strength {#sec3.4}
----------------------------

[Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"} shows the relationship between average bond strength and the square root of time for the specimens exposed to the 10 wt % H~2~SO~4~ acid solution at 40 and 60 °C. The results show that the degradation behavior of bond strength consists of the remaining stage and the reduction stage. An enhancement of the bond strength for the EPS-3 lining specimens comparing to the EPS-0 specimens was observed. The initial bond strength of the EPS-3 specimens was about 3.37 MPa, about 20% higher than those of the EPS-0 lining specimens.

![Adhesion behavior of lined epoxy and epoxy--silica nanocomposite lined on the concrete substrate exposure of the 10 wt % H~2~SO~4~ solution.](ao0c00828_0005){#fig13}

During exposure to the H~2~SO~4~ acid solution, even though results are scattered, there was no obvious reduction in bond strength up to the saturation time, indicating the lining is a well barrier to the solution. The bond strength of the EPS-3 lining remained up 18 and 11 months exposure to the 10 wt % H~2~SO~4~ acid solution at 40 and 60 °C, respectively, while the EPS-0 lining remained only 4.2 and 2.5 months. Thus, the presence of the incorporated SiO~2~ nanoparticles in the epoxy matrix improved the bond strength on concrete and longevity of the lining service life.

[Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"} shows the failure modes of the pull-off test at the reduction stage for both lining systems. The failure mode's change may be due to the effect of the corrosion of the interface by the penetrated solutions. The EDS-combined SEM analysis was conducted to tracing sulfur elements on the pull-off face of the lining. The results show that the penetrated sulfur elements presented on the interfaces, for example, the loss of adhesion was due to the corrosion of the interface caused by a reaction of the accumulated H~2~SO~4~ with the minerals of concrete at the interface.

![Demonstrate of failure modes.](ao0c00828_0006){#fig14}

Conclusions {#sec4}
===========

The SiO~2~--epoxy nanocomposite lining was prepared using a 3.0 phr of nanosilica particles. Dispersion and distribution of the nanoparticles in the epoxy matrix confirmed by SEM and XRD analysis contributes to the enhancement of the lining's barrier properties to water and to H~2~SO~4~ acid solution at different temperatures. An improvement of cohesion between the concrete and the nanocomposite lining was found. The nanocomposite lining remained cohesive on the concrete substrate and became almost two times longer than the neat lining when they were exposed to the 10.0 wt % H~2~SO~4~ acid solution at both 40 and 60 °C. The EDS-combined SEM analysis results of the pulled-off linings confirmed the corrosion of concrete interfacial by H~2~SO~4~ acid. It contributes to the adhesion loss of the lining. Thus, loading nanosilica particles into epoxy enhances barrier properties, bond strength, and longevity of the service life of th sewerage concrete structure.

Experimental Details {#sec5}
====================

Materials {#sec5.1}
---------

Nanosilica fillers branded Aerosil R812 from Evonik having an average diameter of 7 nm, a specific area of 260 m^2^/g, and purity \>99.8%. The surface of this material was modified with hexamethyldisilazane. The epoxy matrix was a mixture of a diglycidyl ether of bisphenol F (DGEBF) epoxy resin (EPOKUDO YDF-175, Kukdo Chemical), having an equivalent mass of 160--180 (grams of resin containing 1 g equivalent of epoxide) and a polyetheramine curing agent (Jeffamine D230, Huntsman Corporation). The solvent used for nanocomposite processing was reagent grade toluene (Aldrich) with purity \>99.5% ([Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}).

![EDS analysis image of the sulfur elements on the debonded surface of the lining.](ao0c00828_0007){#fig15}

Immersion Test Piece Preparation {#sec5.2}
--------------------------------

Free-standing nanocomposite sheets having a thickness of 1.0 mm of the 15 phr (parts per hundred epoxy resin) amine-cured epoxy polymer containing 3.0 phr of SiO~2~ nanofillers were prepared following the steps shown in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}. The SiO~2~ nanofillers were first sonicated in a large amount of toluene for 30 min using an 80 kHz tip sonicator. After adding epoxy resin, the nanofiller suspension was ultra-sonicated by a magnetic stirrer at a speed of 2500 rpm for 1 h. The amine curing agent was then added to the suspension. Unfilled (neat) epoxy films having similar thickness were also prepared for comparison by mixing 15 phr amine curing agent and epoxy resin. The mixture was stirred and sonicated continuously for another hour. After the mixing step, both the nanosilica-free and epoxy--nanosilica mixture was degassed for 1 h at room temperature, then drawn down on a polyethylene terephthalate mold to form sheets. The sheets were cured under ambient conditions (24 °C and 75% relative humidity approximately) for 72 h followed by postcuring for 4 h at 110 °C in an air circulating oven. The test pieces having dimensions of 60 × 25 × 1.0 mm were cut out from the prepared sheets, then dried up at 50 °C for 72 h to ensure that the remaining moisture/gas was removed before being used for the immersion test.

![Steps used to prepare epoxy--silica nanocomposite linings and films.](ao0c00828_0008){#fig16}

Lining Specimen Preparation {#sec5.3}
---------------------------

The concrete substrates were cast from mix design ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) prepared in compliance with the Vietnamese Standard.^[@ref50]^ The substrate's side length and thickness are 150 mm × 150 mm × 50 mm.

###### Concrete Mix Design and Properties

                                                                                 constituents[c](#t2fn3){ref-type="table-fn"}, (kg m^--3^)                                                                                      
  ------------------------------------- ---------------------------------------- ----------------------------------------------------------- --------------------------- -------------------- ------------------- ------- ----- ----
  W/C[a](#t2fn1){ref-type="table-fn"}   cement[b](#t2fn2){ref-type="table-fn"}   crushed aggregate (max. 10 mm)                              crushed manufactured sand   natural river sand   natural fine sand   total          
  0.42                                  415                                      748                                                         372                         478                  287                 1885    4.2   62

Water/cement mass ratio.

Constituents are given as the mass ratio needed to form 1 m^3^ of concrete.

Vietnamese standard Portland cement (PCB40).

The substrates were cured in moist air for 24 h and then cured in lime-saturated water for 28 days. After curing, the substrates were dried in an oven at 60 °C for 7 days to achieve a similar and stable initial water content.^[@ref51]^ The front surface of the substrates was prepared by disk grinding. An image of the substrate's surface preparation before and after applying disk grinding is shown in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}. The degassed mixtures (prepared in the same manner as the sheet-forming pattern) drawn down on the ground surfaces to form the lining specimens. The lining specimens then were cured under ambient conditions (24 °C and 75% relative humidity approximately) for 72 h followed by postcuring for 4 h at 110 °C in an air circulating oven. Thickness of the lining is 1.0 mm.

![Images of substrate's surface preparation by disk grinding: (a) before; (b) after.](ao0c00828_0009){#fig17}

Immersion Test {#sec5.4}
--------------

The immersion experiment was carried out by simply immersing the test pieces in deionized water and in the 10 wt % H~2~SO~4~ acid solution. The test pieces were fixed in a polytetrafluoroethylene holder to avoid contact with the surface of each other and immersed in separable flash bottles filled with water. The temperature was constantly set at 40 and 60 °C. [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"} shows a schematic of the immersion test apparatus.

![(a) Schematic of the immersion test apparatus; (b) image of test pieces before immersion.](ao0c00828_0010){#fig18}

At interval time, the test pieces were taken out, wiped by filter paper to remove attached immersed solutions on their surfaces, and then were investigated for the mass uptake.

Environment-Induced Adhesion Lost Test {#sec5.5}
--------------------------------------

The loose adhesion of the lining during exposure to water and the 10 wt % H~2~SO~4~ acid solution was carried out by using a fabricated apparatus (see [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}). The temperature of water and the 10 wt % H~2~SO~4~ acid solution was kept at 40 and 60 °C constantly. An interval time, the lining specimens were taken out to measure the lining adhesion by the pull-off test.

![Illustration of: (a) schematic, (b) environment-induced adhesion lost apparatus.](ao0c00828_0011){#fig19}

Measurement {#sec5.6}
-----------

Mass change, the cross-section surface morphology, the penetration depth of sulfur elements, and the adhesion of the lining were studied. The mass change was determined using an analytical balance having a resolution of 10^--5^ g. The phase identification of incorporated SiO~2~ nanoparticles in epoxy matric was determined by an X-ray diffractometer (Shimadzu XRD-6100, Japan) using Cu Kα radiation = 1.5405 Å with scanning rate of 2° per min and 2 theta (2θ) angle range from 10 to 60° at current 30.0 mA and voltage 40.0 kV. The surface morphological changes and penetrated depth of sulfur elements into the test pieces were determined using an energy X-ray spectrometer applied on their cut-cross section surfaces. A JSM-5310LV (for SEM) combined with JED 2100 (for EDS) used for this measurement. The bond strength of the lining on the substrate was measured by a pull-off test in accordance with ASTM D-C1583^[@ref52]^ using an Elcometer F510S (Elcometer, UK) pull-off adhesion tester. [Equation [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} was used to calculate the pull-off bond strength.where *P*~failure~ is the load at failure and *A* is the pull-off area.
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